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The mechanisms by which the denervated heart re-
sponds to supine exercise were assessed by equilibrium
gated radionuclide angiography in 18cardiac transplant
recipients I to 25 months (mean 11) after surgery. Re-
sults were compared with those in 15 normal subjects.
Exercise duration among transplant recipients did not
differ significantly from that in normal subjects. The
heart rate at rest in transplant patients was 30% higher
than in normal volunteers. Heart rate increased only 3%
between rest and the first stage of exercise in transplant
recipients compared with a 37% increase in the normal
group (p < 0.001). Cardiac output at rest was similar
in both groups although the rate of rise of cardiac output
and peak cardiac output were significantly lower among
the transplant recipients.
In early exercise, the means by which cardiac output
increased in the transplant patients differed significantly
from normal. In the transplant recipients, the left ven-
tricular end-diastolic volume index increased 14% com-
pared with a decrease of 2% in normal subjects (p <
0.001) during the first stage of exercise. At the same
With the advent of cyclosporine, cardiac transplantation has
reemerged as a viable therapy for end-stage heart failure .
Before cyclosporine, studies (1-7) on small numbers of
transplant recipients treated with corticosteroids and aza-
thioprine suggested that the denervated heart responds dif-
ferently to exercise than does the normal heart.
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time, the end-systolic volume index increased 6% in the
transplant group but decreased II % in normal subjects
(p < 0.001). These changes resulted in an overall in-
crease in stroke volume by 20% in the transplant group
compared with only a slight increase (+3%) in normal
subjects (p < 0.001) during the first stage of exercise.
Among transplant recipients, the stroke volume index
plateaued after the first stage of exercise, which, in com-
bination with the blunted chronotropic response, re-
sulted in a peak cardiac index 25% lower than that in
normal subjects (p < 0.01).
These results support the concept that in the trans-
planted heart, increases in cardiac output at the start of
supine exercise occur by augmented stroke volume me-
diated primarily by an increase in end-diastolic volume,
and in normal individuals by an increase in heart rate.
Among transplant recipients, peak exercise cardiac in-
dex may be lower because of the blunted chronotropic
response.
(J Am Coil Cardiol1987;10:336-41)
Radionuclide blood pool studies have proved useful for
assessing cardiac function and, with the ability to determine
cardiac volumes (8,9), this technique allows analysis of
cardiac dynamics during exercise . In this study, 18 cyclo-
sporine-treated cardiac transplant recipients were studied by
radionuclide angiography and cardiovascular responses were
compared with those of 15 normal subjects to contrast the
mechanisms by which innervated and denervated hearts aug-
ment cardiac output during supine exercise.
Methods
Control study subjects. Fifteen male volunteers with a
mean age of 44 years (range 23 to 52) were recruited to
undergo rest and exercise radionuclide angiography. These
subjects had no evidence of cardiac disease as determined
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by clinical examinationand maximal treadmill exercise test-
ing. They were fit but did not participate in any regular
exercise regimen, and none was receiving any medication
at the time of the study.
Transplant recipient group. The transplant recipients
consisted of 18 healthy individuals (16 male and 2 female).
with a mean age of 36 years (range 13 to 56) who were
studied I to 25 months (mean II) after orthotopic cardiac
transplantation. All transplant recipients engaged in regular
physical activity. Donor mean age was 22 years (range II
to 36). The radionuclide study was done within 24 hours
of routine endomyocardialbiopsy and patients withevidence
of cardiac rejection requiring therapy were not included in
the study.
Clinical features. Immunosuppressive therapyconsisted
of combination cyclosporine and prednisone in all patients.
Of the 18 transplant recipients. 10 (56%) were receiving
treatment for moderate hypertension. Six patients were re-
ceiving combination vasodilator and diuretic therapy and
four were receiving diuretics alone. Three patients had a
systolic blood pressure ~ 150 mm Hg at the time of the
study although none had a systolic pressure > 160 mm Hg.
Four patients had a diastolic pressure ~90 mm Hg, but in
none was this pressure > 100 mm Hg. Antihypertensive
medications were not withheld before radionuclide angi-
ography. The II patients studied more than I year post-
operatively had angiographically normal coronary arteries
at the most recent yearly cardiac catheterization.
Radionuclide angiography. Subject red blood cells were
labeled in vitro with 15 to 20 mCi technetium-99m. Images
were acquired at a rate of 16 or 32 frames/cardiac cycle at
rest and 16 frames/cardiac cycle during exercise using a
Technicare general purpose collimator interfaced with a
Technicare 560 computer. The left anterior oblique projec-
tion with caudal angulation allowing the best separation of
ventricles and atria was used for image acquisition at rest
and during exercise. Rest images were acquired with the
patient supine. feet up in the ergometer pedals.
Exercise was initiated at a work load of 25 W (150
kilopond-meters [kp-rnl/min) and was increased by 25 W
every 3 minutes. Image data were acquired in the final 2
minutes of each stage. Exercise was terminated at the point
of general fatigue or leg fatigue in all subjects. A final image
was acquired 2 minutes after exercise.
Analysis of images obtained by radionuclide angio graphy
was done after temporal and spatial smoothing of raw image
data and appropriate background subtraction. Images were
analyzed by one experienced observer. Regions of interest
were drawn manually in duplicate about the left ventricle
at end-diastole and end-systole. The mean of the two de-
terminations was used for the volume calculation. Using a
technique modified after Dehmer et al. (9). and validated
in our laboratory (r = 0.98, SEE-3 mJ versus contrast left
ventriculography), nongeometric left ventricular end-dia-
stolic and end-systolic volumes were derived. Using these
values, the ejection fraction, stroke volume and cardiac
output were calculated. All volumes and the cardiac output
were corrected for body surface area.
Statistical analysis. Results are given as the mean ± I
SEM. In analysis of the radionuclide data, five stages were
considered: rest with legs up, exercise stage I, exercise stage
2, peak exercise, which was defined as any stage greater
than or equal to the third stage of exercise and 2 minutes
after exercise. Changes from rest to exercise were analyzed
using a two-tailed paired t test. Differences between normal
and transplant subjects were assessed by a two-tailed un-
paired t analysis. A probability (p) value of <0.05 was
considered significant.
Results (Table 1, Fig. 1)
Hemodynamic changes. Exercise duration among
transplant subjects (11.7 ± 0.9 minutes) did not differ sig-
nificantly from that of normal subjects (13.0 ± 0.8 min-
utes). At rest. the heart rate in transplant recipients was 30%
higher than among normal volunteers (p < 0.001) . During
the first stage of supine exercise, the heart rate among trans-
plant recipients increased only 3% compared with a 37%
increase in the normal subjects (p < 0.001). The heart rate
among transplant patients increased slowly during the re-
mainder of exercise and at the peak of exercise it was only
33% higher than at baseline. In normal individuals by com-
parison, heart rate doubled by the peak exercise stage. Sim-
ilarly. on termination of exercise, the heart rate quickly
returned to nearbaseline levels among normal subjects whereas
among the transplant recipients heart rate 2 minutes after
exercise was still at a level 97% of the peak heart rate.
The systolic and diastolic blood pressures did not differ
significantly between the two groups at rest. With exercise,
blood pressure rose to a greater extent in normal subjects
than in transplant recipients and at peak exercise. systolic
blood pressure was 19% higher (p < 0.(01) and diastolic
pressure 14% higher (p < 0.05) in normal subjects. Both
the systolic and diastolic pressures were comparable in the
two groups after exercise.
Radionuclide angiographic findings. The left ventric-
ular ejection fraction in transplant recipients was not dif-
ferent from normal either at rest or during exercise and no
wall motion abnormality was seen at rest or during exercise
in either group.
The end-diastolic volume index was significantly lower
in transplant patients at rest. In the interval from rest to the
end of stage I exercise. the end-diastolic volume index
increased 14% (p < 0.001) in transplant patients but did
not change significantly in normal subjects. End-diastolic
volume index remained essentially unchanged during ex-
ercise among normal individuals and in transplant recipients
it remained unchanged after the initial rise.
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Table 1. Exercise Responses in Normal and Transplant Subjects
Exercise Stage
Heart rate (beats/min)
Normal
Transplant
p Value
Blood pressure (S/D) (mm Hg)
Normal
Transplant
p Value
Ejection fraction (%)
Normal
Transplant
p Value
End-diastolic index (rnl/rrr')
Normal
Transplant
p Value
End-systolic index (rnl/rrr')
Normal
Transplant
p Value
Stroke index (ml/rrr')
Normal
Transplant
p Value
Cardiac index (liters/min per nr')
Normal
Transplant
p Value
Rest
67 ± 3
88 ± 3
0.001
130 ± 3/82 ± 3
137 ± 3/83 ± 2
NS NS
61 ± 2
61 ± 2
NS
83 ± 5
67 ± 4
0.02
32 ± 2
26 ± 2
0.05
51 ± 3
41 ± 3
0.05
3.3 ± 0.2
3.6 ± 0.3
NS
EXI
90 ± 3
91 ± 3
NS
146 ± 4/87 ± 2
141 ± 4/84 ± 4
NS NS
65 ± 2
64 ± 2
NS
81 ± 4
76 ± 4t
NS
29 ± 2*
27 ± 2
NS
52 ± 2
49 ± 3t
NS
4.6 ± 0.2
4.4 ± 0.2
NS
EX2
100 ± 2
98 ± 3
NS
163 ± 5/90 ± 3
148 ± 4/86 ± 3
0.02 NS
66 ± 2
65 ± 2
NS
87 ± 5
76 ± 4t
0.02
29 ± 2*
26 ± 2
NS
58 ± 3t
49 ± 3t
NS
5.7 ± 0.3
4.8 ± 0.3
0.05
Peak
132 ± 5
117 ± 5
0.05
209 ± 7/96 ± 4
174 ± 5/84 ± 3
0.001 0.05
68 ± 2
67 ± 2
NS
84 ± 5
75 ± 5t
NS
27 ± 3t
24 ± 2
NS
56 ± 3
50 ± 3t
NS
7.4 ± 0.4
5.8 ± 0.4
0.01
Post
91 ± 4
112 ± 4
0.001
151 ± 6176 ± 2
157 ± 4/80 ± 4
NS NS
71 ± I
66 ± 2
NS
80 ± 4
59 ± 3t
0.001
23 ± 2t
19 ± n
NS
57 ± 3
40 ± 3
0.001
5.3 ± 0.3
4.5 ± 0.3
NS
For cardiac volumes: *p < 0.05. tp < 0.01, tp < 0.001 versus rest. Data are presented as mean values ± I SEM. 0 = diastolic; EX = exercise;
S = systolic.
The end-systolic volume index at rest was also slightly
but significantly lower in transplant patients. With the onset
of exercise, a prompt decrease (II %, P < 0.05) in the end-
systolic volume index was seen among normal subjects but
not in the transplant patients. Only during the peak stage
of exercise did the end-systolic volume index show a trend
to decrease in the transplant group. After exercise, a striking
decrease in the end-systolic volume index was noted in both
groups.
Stroke volume index was slightly but significantly lower
at rest among transplant patients. As with the end-diastolic
volume index, there was a significant (20%) increase in the
stroke volume index in the transplant group but no sub-
stantial change (3% increase) in the normal group (p <
0.001). In the later stages of exercise, the stroke volume
index increased to a maximum of 12% above baseline in
the normal group (p = NS). After the initial rise, the stroke
volume index did not further change in the transplant group.
Cardiac index was not significantly different at rest be-
tween the two groups nor was there a significant difference
during the first stage of exercise. By peak exercise, cardiac
index was 30% higher in normal subjects compared with
the transplant recipients (p < 0.01). The peak cardiac index
was 129% greater than at baseline among normal subjects
and only 59% greater than the baseline value among the
transplant patients (p < 0.001).
Discussion
Because cardiac transplantation has now become firmly
established as therapy for terminal heart failure, interest has
again developed in studying patterns of cardiac function
among transplant recipients (10,11). With total cardiac de-
nervation associated with heart transplantation, suboptimal
cardiac performance during exercise might be expected.
This study was undertaken to assess the cardiovascular re-
sponses to supine exercise in healthy transplant subjects. In
our group of transplant recipients, exercise capacity was on
average slightly less, although comparable with that of nor-
mal volunteers. However, notable differences in the cardiac
dynamics in response to exercise were seen.
Hemodynamic responses. Most striking was the slow
rate of rise in the heart rate in response to supine exercise
in the transplant recipients. The heart rate at rest in transplant
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Figure I. Relative changes in heart rate.
cardiac index (Cl) and cardiac volumesdur-
ing symptom-limited supine exercise in
normal subjects (.) and transplant recipi-
ents ([ ]). EDVI = end-diastolic volume
index; ESVI = end-systolic volume index;
EX = exercise; POST = after exercise;
SVI = stroke volume index.
subjects was higher than in normal subjects because of the
absence of vagal tone. In normal subjects. physiologic in-
creases in heart rate are mediated by vagal withdrawal al-
most immediately on initiation of exercise (12). Cardiac
acceleration among transplant recipients, in contrast. is de-
pendent on circulating catecholamines, the levels of which
rise signifi cantly only after several minutes of exercise ( I).
Similarly, after exercise, the prompt reduction in heart rate
seen among normal individuals is dependent on intact neural
reflexes not present in transplant patients. Therefore. in the
face of high circulating levels of catecholamines ( I). a heart
rate at near peak exercise levels was seen in transplant
recipients for several minutes after exercise.
Both systolic and diastolic blood pressures were higher
at peak exercise among normal subjects. perhaps in part
because of the slightly longer exercise duration of these
subjects. These individuals were generally fit but not highly
trained athletes. They were, however. motivated to perform
well and this may have resulted in a prominent isometric
component to exercise at peak levels by using the handgrip
to assist with ergometer pedaling. The transplant patients.
on the other hand, in general did not put forth the same
effort and often stopped with less severe exertion than did
the normal subjects, and therefore a lesser isometric com-
ponent was involved. This phenomenon was previously noted
by McLaughlin et al. (2). In addition, the differences noted
may be due to the effect of diuretics and vasodilators used
by a significant percentage of the transplant patients at the
time of the study.
Normal cardiac volume changes with exercise. In nor-
mal subjects, during supine exercise of mild to moderate
intensity. stroke volume remains relatively constant (13-15 ).
Increases in cardiac output, especially as exercise begins.
are mediated primarily by changes in heart rate. This was
demonstrated in the normal subjects in the present study.
Although a trend to an increase in stroke volume was shown
in normal subjects. the peak value was not significantly
different from the rest value. In comparison, there was vir-
tually no change in heart rate between rest and the first stage
of exercise in the transplant subjects. Stroke volume in this
group was noted to rise significantly. accounting for the rise
in cardiac output.
There is some conflict in reported data regarding the
changes in end-diastolic and end-systolic volumes in re-
sponse to supine exercise. although a number of studies
(15-23) employing a variety of techniques including echo-
cardiography. contrast angiography and radionuclide angi-
ography conclude that the end-diastolic dimensions of the
left ventricle remain unchanged or decrease slightly and the
end-systolic dimensions decrease promptly and signifi-
cantly. These observations are comparable with the fi ndings
among the normal subjects in our study. Slutsky et al. (16).
using a similar radionuclide protocol, showed that end-di-
astolic volume decreased slightly with exercise and that the
end-systolic volume decreased promptly (39%) with the on-
set of exercise. Similar fi ndings were observed by Bar-
Shlomo et al. (17) in athletes, also using radionuclide an-
giography. In their subjects there was no significant change
in the end-diastolic volume whereas relative end-systolic
volume decreased 36% with the initiation of exercise. Sharma
et al. (18) published similar findi ngs using contrast angi-
ography during supine exercise as did Crawford et al. (20)
using echocardiographic techniques.
Studies in transplant patients before cyclosporine im-
munosuppression. Stinson et al. (4) reported that cardiac
output increased 92% and stroke volume 44% during supine
exercise in eight transplant recipients I year after surgery.
Similar findings were made by Campeau et al. (3). Although
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chamber volumes were not measured in these studies, it was
apparent that the cardiac output rose by an increase in stroke
volume and not by all increase in heart rate. In six transplant
patients treated with corticosteroids and azathioprine,
McLaughlin et al. (2) found that cardiac index rose sub-
normally during supine exercise. They found that the modest
rise in cardiac output was also mediated by an increase in
stroke volume, although in their study, the end-diastolic
volume did not increase significantly. In a later study of six
patients from the same institution, Pope et al. ( I) found that
volume loading by passive leg elevation resulted in a sig-
nificant increase in end-diastolic volume. During supine
exercise, end-diastolic volume increased significantly with
moderate exercise, and decreased again in later exercise; in
contrast, end-systolic volume did not change during exer-
cise. The net result of these changes was an increase in
stroke volume leading to a 75% increase in cardiac output
during peak exercise. The heart rate of transplant patients
increased slowly and subnormally during exercise in both
studies and showed a similar response during upright ex-
ercise (6 ). Ingels et al. (7 ) further showed that during an
increase in the transplanted heart rate by atrial pacing in the
absence of exercise. the end-systolic. end-diastolic and stroke
volumes decreased. resulting in no net change in cardiac
output.
Cardiovascular adaptation after transplantation. In
the current study of transplant recipients, the increase in
venous return at the initiation of exercise in the absence of
a heart rate response resulted in an increase in end-diastolic
volume. With the progression of exercise beyond the first
stage and an increase (although blunted) in heart rate, ab-
breviation of the diastolic filling period resulted in relative
constancy of end-diastolic volume (7) . The effect of a short-
ened diastolic filling period was most readily apparent after
exercise. when in the face of diminished venous return and
persistent tachycardia, end-diastolic volume dropped far be-
low baseline values.
There is also speculation that the denervated heart may
have an intrinsic limit of preload, thereby imposing a limit
on diastolic filling of the left ventricle. This has been sug-
gested by hemodynamic studies ( 1.3 ,4) in which left ven-
tricular filling pressures increase dramatically with passive
leg elevation and even further with the initiation of exercise,
suggesting that these hearts function at the ascending limb
of the left ventricular diastolic pressure-volume curve.
The reduction in end-systolic volume during exercise in
normal subjects reflects in part augmented contractility re-
sulting from both an increase in heart rate and cardiac sym-
pathetic nerve stimulation (24,25). Neither of these mech-
anisms is in effect in the denervated, transplanted heart. An
increase in myocardial contractility is therefore dependent
on circulating catecholamines. In this study. the end-systolic
volume did not change in transplant patients until after ex-
ercise. associated with a fall in venous return, tachycardia
and. presumably, high circulating levels of catecholamines.
Loading conditions, particularly afterload. also determine
the end-systolic volume. Using the blood pressure as a re-
fl ection of afterload, loading conditions were similar for the
two groups at rest and during exercise, and indeed favored
the transplant subjects at moderate and peak exercise pos-
sibly as a result of vasodilator action. Therefore. loading
conditions do not explain the differences observed.
Cardiac output was similar in the two groups at rest and
during the first stage of exercise. Distinct differences, how-
ever, developed in the second stage of exercise and were
most notable at peak exercise during which cardiac output
was 22% lower among transplant recipients than among
normal subjects. A lower than normal peak exercise cardiac
output has been observed in transplant subjects during ex-
ercise in previous studies (2,4) . These have included hemo-
dynamic studies that have revealed widened arteriovenous
oxygen differences (4) and higher peripheral venous lactate
levels after exercise (6). Therefore, although exercise tol-
erance may be comparable. transplant recipients adapt to
exercise in part by increasing peripheral oxygen extraction
and by greater reliance on anaerobic metabolism. In our
study. the difference in peak cardiac output can be explained
largely by the difference in peak heart rate. Had this rate
been comparable in the transplant subjects and in normal
subjects, the result would have been very similar cardiac
outputs.
During upright exercise in normal individuals, the rise
in cardiac output is much more dependent on increases in
end-diastolic volume and stroke volume in addition to changes
in heart rate (14,19,22). In the transplant recipient. one
would expect, therefore. that the phenomena observed in
this study would be even more exaggerated during upright
exercise.
Conclusions. In transplant recipients, the heart rate re-
sponse to exercise is markedly blunted. Cardiac output rises
in early exercise by augmentation of the end-diastolic vol-
ume and stroke volume whereas in normal subjects stroke
volume remains constant and cardiac output rises by an
increase in heart rate. End-systolic volume among transplant
recipients does not decrease with exercise to the same extent
as normal possibly because of denervation arid lack of direct
sympathetic stimulation. The rate of rise of cardiac output
and cardiac output at the peak of exercise are lower among
transplant recipients, in large part because of a lower peak
exercise heart rate. Despite differences in cardiac dynamics.
exercise capacity in transplant recipients is comparable with
that in normal subjects.
We thank Mary Co llier for ex pen sec reta rial assis tance .
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